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Recently the XENON1T collaboration has released new results on searches for new physics in low-energy
electronic recoils. The data shows an excess over background in the low-energy tail, particularly pronounced
at about 2− 3 keV. With an exposure of 0.65 tonne-year, large detection efficiency and energy resolution, the
detector is sensitive as well to solar neutrino backgrounds, with the most prominent contribution given by pp
neutrinos. We investigate whether such signal can be explained in terms of new neutrino interactions with
leptons mediated by a light vector particle. We find that the excess is consistent with this interpretation for
vector masses below . 0.1 MeV. The region of parameter space probed by the XENON1T data is competitive
with constraints from laboratory experiments, in particular GEMMA, Borexino and TEXONO. However we
point out a severe tension with astrophysical bounds and cosmological observations.
I. INTRODUCTION
Dark matter (DM) direct detection experiments have en-
tered the era of ton-size active volumes, and will keep go-
ing in that direction in their search for DM signals [1–5].
Combined with high sensitivities at low energy thresholds as
well as low and fairly well-understood backgrounds, these ex-
periments offer opportunities in the search for DM signals
which cover large classes of DM physics models. Conven-
tional searches using nuclear recoil energy measurements al-
low searches of DM in the GeV-TeV range, while electron re-
coil measurements provide a tool for sub-GeV DM and other
well-motivated degrees of freedom such as axion-like parti-
cles (ALPs) and/or dark photons [6, 7]. Being sensitive to ir-
reducible solar neutrino backgrounds, they will enable as well
a better understanding of solar neutrino fluxes [8, 9] and po-
tentially new directions in the search for new physics in the
neutrino sector [10–13].
XENON1T is a dual-phase liquid xenon time projection
chamber with a one-tonne active target [1]. The detector con-
ceived for WIMP DM searches in regions above ∼ 6GeV can
be used as well for searches of ALPs, dark photons and neu-
trino properties, thanks to the low energy thresholds and back-
ground rates. Given its dual-phase character, prompt scintil-
lation and delayed luminiscence signals—S1 and S2—can be
well measured. Identification of electron and nuclear recoils
can be done through S2/S1 ratios, and thus provide a tool for
particle identification (e.g. neutron-induced nuclear recoils
from β-induced electron recoils). Recently XENON1T has
released data taken from February 2017 to February 2018,
in which signals above background-induced electron recoil
∗ daristizabal@ulg.ac.be
† deromeri@ific.uv.es
‡ luisjf89@fisica.unam.mx
§ d.papoulias@uoi.gr
events were searched for [14]. The collaboration has re-
ported an excess below 7keV with a prominent feature to-
wards 2− 3keV. Using these data, three new physics sce-
narios were explored as possible explanations to the signal:
the solar axion model, neutrino magnetic moment and bosonic
dark matter. The finding shows that the resulting 90%CL
parameter space regions within which the excess can be ac-
counted for are disfavored by astrophysical arguments [15–
17]. The collaboration has as well tested this result against
possible background from tritium β decays. In this case the
statistical significance of the new physics hypotheses is sub-
stantially diminished.
Although the background hypothesis cannot be discarded,
one can as well entertain the possibility that the excess is
driven by new physics. Indeed, seemingly, this has been the
approach the collaboration has adopted. If one is to adopt such
approach as well, there is a lesson one should take from the
findings the collaboration has reported: Whatever the nature
of the new physics is, it should be able to produce localized
spectral distortions. Above 7keV the data is rather well de-
scribed by the background, e.g. in the range 25− 50keV the
data points are beautifully accounted for by the radio activity
of 83mKr [14].
Possible scenarios of new physics are those in which elec-
tron recoils are modified by the coupling of new degrees of
freedom to electrons. The new degrees of freedom could e.g.
involve DM or particles from a dark sector [18–21]. Another
possibility, which goes along the lines of the neutrino mag-
netic moment, is an interaction that locally enhances the elas-
tic scattering neutrino-electron cross section [22]. That is ac-
tually what the neutrino magnetic moment does, it adds to
the electroweak neutral and charged current neutrino-electron
cross section, dominating the scattering process at low recoil
energies. Possibilities include neutrino non-standard interac-
tions (NSI) as well as neutrino generalized interactions (NGI)
[23–27], both of course with electrons. In the effective limit—
m2Med q2 (q being the exchanged momentum)—these inter-
actions will produce overall enhancements or depletions (de-
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2pletions only if the new interaction is driven by vector bo-
son exchange) of the SM expectation. Thus, given the typical
exchanged momentum, spectral distortions can be generated
only by light mediators, of which in this paper we consider
the vector case.
The paper is organized as follows. In Sec. II we discuss the
relevant interactions, the neutrino-electron differential cross
section and the neutrino backgrounds at XENON1T. In Sec.
III we present our results: the event rates, the phenomenolog-
ical constraints on light vector states and a statistical analysis
of the parameter space. We summarize in Sec. IV.
II. LIGHT VECTORMEDIATOR SCENARIOS AND
SOLAR NEUTRINO BACKGROUND
The interactions that we consider can be understood as a
consequence of a larger complete theory that we do not spec-
ify. They could be e.g. the result of an extended gauge group
UB-L or U(1)X [28, 29]. For the purpose of this paper what
matters is the presence of a new light vector mediator, cou-
pled to neutrinos and electrons, although one could in prin-
ciple include the other charged leptons too. Along the same
lines one could as well consider a kinetic mixing term, be-
tween the hypercharge field of the SM and the new vector. For
simplicity—however—we set the tree level coupling to zero,
bearing in mind that it then will be generated radiatively and
hence it will be suppressed.
The elastic neutrino-electron cross section involves the SM
charged- and neutral-current contributions as well as a new
neutral-current piece induced by the light vector. The cross
section has been calculated in a variety of papers [10, 23, 29–
31]. Here we use the expression derived in Ref. [29]
which applies in U(1)X models in which neutrino and electron
charges QX are dictated by anomaly cancellation conditions.
It reads
dσ
dEr
=
meG2F
4pi
[
g22+g
2
1
(
1− Er
Eν
)2
−g1g2 meErE2ν
]
, (1)
where the couplings g1,2 include both the SM and new physics
components as follows
g1,2 = gSM1,2 +a1,2+
b1,2
GF(2meEr +m2V )
. (2)
In the expression above, Er refers to the recoil energy, me
the electron mass and mV the mass of the new vector mediator.
In the limit of suppressed mass mixing between the neutral
vectors, the SM pieces are given by their standard forms
gSM1 =−2
√
2s2W , g
SM
2 =
√
2(1− s2W )−2
√
2 , (3)
with the second term in gSM2 present only for electron neutri-
nos. The SM limit is then given by
dσSM
dEr
=
dσ
dEr
∣∣∣∣
ai=bi=0
. (4)
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FIG. 1. Averaged survival probability 〈Pee〉 versus neutrino energy
calculated in the two-flavor approximation with neutrino production
distribution functions and neutrino fluxes (pp and CNO) as given in
the BS05 Standard Solar Model [32]. We have fixed the neutrino
oscillation parameters according to their best fit point values [33].
Full expressions for the ai and bi parameters are given in Ref.
[29]. In the limits assumed in this paper (suppressed kinetic
and mass mixing), they have a rather simple form
a1 = a2 = 0 , b1 =−14Q
L
νQ
R
` g
2
V , b2 =−
1
4
QLνQ
L
` g
2
V , (5)
where gV is the coupling associated to the new vector bo-
son and possible charge choices are determined by anomaly
cancellation, as in Ref. [28]. Out of the possible choices,
QLν = Q
R
` = Q
L
` = −1 corresponds to the well known UB-L
case. In the following we stick to this scenario. From Eq.
(2), one can see that a spectral feature in the electron recoil
events can be generated by the q2 = −2meEr dependence, as
far as the vector is not decoupled. This is the limit we are
interested in.
Having introduced the notation, we then move on to the
determination of the morphology of the neutrino background
at XENON1T. With a 0.65 tonne-year exposure, the expected
number of solar neutrino electron recoil events is 220.7±6.6
[14]. This background can be obtained by integrating the fol-
lowing differential rate [12]
dR
dEr
= εNT∑
α
∫ Emaxν
Eminν
A(Er)
dΦα
dEν
[
Pee
dσe
dEr
+(1−Pee)dσ fdEr
]
dEν , (6)
with α running over all the neutrino-related subprocesses of
the solar pp and CNO chains: pp, 8B, hep, two 7Be and pep
lines, 13N, 15O and 17F. Here ε refers to the exposure in tonne-
year, NT = (ZXe/mmolar)NA to the number of target electrons
per tonne of material, A to the detector efficiency function
and dΦα/dEν to neutrino flux in cm−2year−1MeV−1 units.
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FIG. 2. Expected number of neutrino-electron scattering events per
tonne-year-keV induced by solar neutrinos. Most events are gener-
ated by the continuous pp flux.
For the solar neutrino fluxes we take the predictions for the
BS05 Standard Solar Model [32].
Expression (6) assumes the two-flavor approximation, a
fairly accurate limit given that ∆m212/∆m
2
13 1. In this limit
one neutrino eigenstate is mainly νe with flavor contamina-
tion suppressed by the reactor mixing angle, while the other—
labeled f —is a superposition of νµ and ντ with the admixture
determined by the atmospheric mixing angle. The survival
probability proceeds from an average over the neutrino trajec-
tory and weighted by solar neutrino production distributions
determined by the BS05 Standard Solar Model. For its calcu-
lation we have proceeded as described in Ref. [12, 34]. Fig.
1 shows our result derived for neutrino oscillation parameters
fixed according to the best fit point value obtained from global
neutrino oscillation data analysis: ∆m212 = 7.55× 10−5 eV2,
sin2 θ12 = 0.32 and sin2 θ13 = 0.0216 [33].
The differential cross section in the first term of Eq. (6)
is given by Eq. (4), the one in the second term as well but
without including the second term in gSM2 in Eq. (3). The
lower integration limit is related to the recoil energy through
Eminν =
1
2
(
Er +
√
E2r +2Erme
)
, (7)
while for Emaxν we take the kinematic end points of each of the
neutrino fluxes. Although the sum in (6) covers all neutrino
emission processes, given the recoil window, we find that the
pp continuous spectrum alone accounts for almost all the solar
neutrino background. This is somehow expected given the
low energy threshold achieved by the detector, 1keV, and the
size of the different components of the neutrino flux. Figure 2
shows the differential event rate calculated with Eq. (6). There
one can see that pp neutrinos dominate the signal all over Er.
Other contributions are subdominant, including the 7Be line at
0.861 MeV (the second relevant contribution) and 8B which
for CEνNS will be the dominant source [35].
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FIG. 3. XENON1T data points along with the predicted back-
ground (B0). The peaked signals at low energies are generated by
a light vector mediator coupled to both electron-neutrinos and elec-
trons and so contributing to the elastic scattering neutrino-electron
cross section. The signals are generated using the benchmark points
mV ⊂ [1,50] keV and gV = 6.5×10−7.
III. CONSTRAINTS AND PARAMETER SPACE ANALYSIS
In what follows we assume that only νe couples to the light
new vector boson while ν f is subject only to SM couplings.
Including coupling to ν f will not change our conclusions
qualitatively. Although the new interaction can affect neutrino
propagation in matter, we consider only effects in detection.
Forward coherent scattering is responsible for matter effects,
which given the solar electron density are prominent (res-
onantly enhanced) only for 8B neutrinos. Since the signal
is driven by the pp flux, propagation effects can be safely
ignored. Under those well-justified assumptions, the second
term in Eq. (6) is negligible. However, for completeness, we
keep the full expression in our calculation.
Figure 3 shows the effect of the new interaction on
the neutrino-electron differential event rate, along with
XENON1T data points and the background B0, assuming a
fixed value of gV and scanning over mV in the range [1,50]
keV (width of the light blue band). The signal peaks at low
energies with decreasing vector boson masses, for fixed cou-
pling. This behavior is expected from the structure of the dif-
ferential cross section. The third term in Eq. (2) has a recoil
energy dependence, which becomes irrelevant for sufficiently
large mV . However, in the limit 2meEr  m2V that term be-
haves like ∼ E−1r . Therefore, in that regime, the Er depen-
dence is basically the same of the ν− e neutrino magnetic
moment cross section [36].
To statistically determine the regions favored/disfavored by
XENON1T data we define a simple spectral χ2 function as
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FIG. 4. Allowed 1σ and excluded 2σ regions in the mV − gV plane
for light vector mediators. Along with the regions, laboratory limits
from TEXONO [37], GEMMA [38, 39] and Borexino [40, 41] as
well as those from astrophysics [42–46] are shown as well.
follows
χ2 =
29
∑
a=1
1
σ2a
[(
dRV+B0
dEr
)
a
−
(
dRExp
dEr
)
a
]2
. (8)
Here σa refers to the statistical uncertainty per bin and B0
to the background. Following XENON1T analysis, we have
added B0 to the vector contribution. The allowed 1σ region
(pink) and 2σ excluded region (light blue region) resulting
from our analysis are shown in Fig. 4. At the 1σ level, vec-
tor boson masses are always below∼ 800 keV with couplings
that never exceed 6×10−7. In this region the largest enhance-
ments in the 2− 7keV energy range are found. As mV in-
creases, the E−1r behavior of the cross section diminishes and
the differential recoil spectrum flattens out towards B0.
At this point then the question is whether the 1σ allowed
region is consistent with existing bounds on light vector me-
diator scenarios, for example those in [10, 29, 45–47] (some of
them relevant also for CEνNS [48, 49]). These bounds can be
separated in laboratory, astrophysical and cosmological con-
straints. In the region of interest, the most stringent laboratory
limits are set by TEXONO, GEMMA and Borexino [37–41],
as shown in Fig. 4. XENON1T improves the constraints on
light vector mediators for mV . 0.2 MeV, compared to TEX-
ONO and Borexino. GEMMA limits are tighter but still leave
unconstrained a fraction of the 1σ region. Overall, the regions
within which XENON1T excess can be accounted for are con-
sistent with laboratory bounds.
Astrophysical and cosmological constraints are instead
much more severe. The light vectors can be produced in en-
vironments like horizontal branch stars and the Sun leading
then to energy losses [42–44, 50]. The presence of a vector
neutrino coupling can affect the neutrino mean free path in
supernovae, eventually disrupting the neutrino diffusion time
[51]. These arguments lead to stringent bounds within the re-
gion of interest (see Fig. 4). In general, this kind of limits
might be evaded if the vector boson couples to light scalars
that undergo condensation in the corresponding environment.
Under these conditions the vector mass becomes environmen-
tal dependent and so its production is no longer possible [52].
Further relevant bounds come from cosmology. In the early
Universe the vector boson can thermalize through neutrino or
electron annihilation or scattering processes. This will alter
the expansion history of the early universe and eventually lead
to a sizeable contribution to the effective number of neutrino
species, ∆Neff [53–57]. While the exact evaluation of these
bounds will depend on the specific model and thermal history
of the universe, they appear to exclude the full XENON1T
1σ-region here derived.
IV. CONCLUSIONS
We have considered light vector mediator scenarios in the
light of recent XENON1T data [14]. We have addressed the
question of whether these interactions can account for the
spectral distortion observed by the collaboration. Light vec-
tor mediators generate spectral features, modifying the recoil
energy dependence of the differential cross section, which in-
creases at low Er for sufficiently small vector boson masses.
We have performed a statistical analysis taking into account
the complete set of solar neutrino fluxes and the neutrino
survival probability from oscillations. We have shown that
XENON1T bounds are competitive with those from other
laboratory experiments. Astrophysical and cosmological ob-
servations place instead more severe constraints, which po-
tentially exclude the regions of parameter space which can
explain the XENON1T excess. With increasing exposures,
multi-ton LXe detectors will keep on testing other parameter
space regions of these scenarios.
Note added in proof
While completing this work, Ref. [22] appeared in the arXiv
database. In addition to light vector mediators, this paper con-
sidered as well light scalar mediators. Our findings are con-
sistent with those this reference has reported.
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